The objective of this research was to evaluate a possible corrective measure against negative metabolic states, as occurs in the advanced stage of gestation in ewes, and that sometimes produces a disease called pregnancy toxaemia. In the present research, we found that the joint administration of i.v. lysine-vasopressin (0.08 IU/kg body weight, BW) and an oral glucose solution (50 g) produces an increase in blood glucose, which persists for some time (up to 6 h); therefore, it could be used in the treatment of pregnancy toxaemia. This therapy is based on the fact that lysine-vasopressin induces gastric groove closure in adult ruminants, enabling orally administered glucose to reach the abomasum directly, from where it rapidly passes into the intestine and is immediately absorbed. We can say that the tested treatment causes a significant increase in blood glucose in ewes affected by toxaemia caused by fasting, which, although less marked than conventional therapy with intravenous drip glucose, remains longer, regularizing other parameters indicative of energy metabolism in fasting ewes.
Introduction
Among the diseases that affect energy metabolism in sheep, ovine pregnancy toxaemia (OPT) stands out. It is a metabolic disorder that affects ewes mainly with multiple gestations due to an imbalance between energy intake and increased needs in the final phase of pregnancy, since during the last six weeks of gestation, there is between 75 and 80% of foetal growth (Sargison, 2007) .
Therefore, ewes in their last third of pregnancy have energy and protein requirements 1.5 to 2.0 times higher than when they are at the start of gestation (Andrews, 1997) . Besides, in late gestation, fat and an ever-expanding uterus, as a result of foetal growth, can fill the abdominal cavity. Therefore, due to the lack of rumen space, these ewes have difficulty consuming enough feedstuff to satisfy their energy requirements (Albay et al., 2014 , Lima et al., 2016 , causing a decrease of 30% feed intake during the week prior to calving (Hippen et al., 2008; Lima et al., 2016) . Trying to compensate this negative energy balance, ewes mobilize their body reserves of fat and proteins with consequent hepatic ketogenesis (Cal-Pereyra et al., 2012; Dzadzovski et al., 2015) . This evolves towards serious symptoms (Rook, 2000; Sargison, 2007; Al-Mujalli, 2008; Cal-Pereyra et al., 2012; Jyothi et al., 2014) , which culminate in the death of a very high number of ewes, especially untreated ones (Rook, 2000; Radostits et al., 2006; Sargison, 2007; Cal-Pereyra et al., 2012) .
Both therapy and prophylaxis should be directed towards glucose formation and its use at tissue level (El-Hamamsy et al., 1990; Andrews et al., 1997; Rook, 2000; Radostits et al., 2006; Sargison, 2007; Cal-Pereyra et al., 2015b) , favouring the consumption of ketone bodies (Bonino et al., 1987; Radostits et al., 2006; Sargison, 2007) . Traditionally, oral administration of glucose has been discouraged, since it is transformed into butyric acid when reaching the rumen, with an important ketogenic effect (Cal-Pereyra et al., 2012) .
On the other hand, it has been proven that intravenously administered LVP in ewes is capable of efficiently stimulating the gastric groove without marked adverse effects (El-Hamamsy et al., 1990; González-Montaña et al., 2014) . This has led us to consider the possibility of jointly administering LVP and glucose orally, so that it quickly reaches the abomasum, without being fermented in the rumen. All of this would facilitate rapid absorption of glucose, increasing glycaemia in tested ewes, and could be considered an interesting strategy to increase blood glucose in sheep affected by a negative energy balance.
For this reason, we have studied the evolution of glycaemia and other indicators of ovine energy metabolism in fasting sheep, therefore with negative energy balance, after the joint administration of i.v. lysine-vasopressin and an oral glucose solution. The end objective was to test this therapeutic protocol in ewes affected by pregnancy toxaemia as an alternative to conventional therapy with intravenous glucose, since, if the glycaemia is regularized for a reasonable time, it could be used in the management of this disease.
Material and Methods
We selected 10 healthy 4-6-year-old, non-pregnant, non-lactating Assaf ewes, with a body condition score between 3.0 and 3.5 according to the Russel scale (Russel, 1984) , housed on an experimental farm in León, Spain (42°36'0.1" N, 5°34'13.2" W). All experimental procedures were carried out in compliance with the provisions of the Directive regulating the use of animals for scientific purposes in the European Union (European Union, 2010) and the Decree regulating experimentation, teaching, and animal protection in Spain (BOE, 2013) , and upon approval of the local Animal Welfare Committee Subcomité para la Experimentación y Bienestar animal (OEBA-ULE) and the Dirección General de Producción Agropecuaria en Infraestructuras Agrarias de la Junta de Castilla y León, case number OEBA-ULE-013-2016.
Ewes were overfed with concentrates and forage during the previous month to cause slight fattening. Feed was composed of concentrate and forage (0.40 kg/day barley and 45% soy meal, 0.15 kg/day, with free access to good quality hay, about 1.5 kg/day), resulting in a final ration of 92% dry matter (DM), 14.0% crude protein (CP), and 2.65 Mcal/kg DM. Later, they were subjected to a fasting period (72-120 h) to achieve a negative energy balance, which we verified with the appearance of ketonuria using semiquantitative test strips. Fasting was maintained throughout the experimental design. Water supply was maintained ad libitum. Once the test was finished, the sheep were fed again with the above ration.
The experiment was carried out comparing two groups, one (n = 6) treated at 08.00 h with i.v. LVP ([Lys8] -Vasopressin Sigma, 250 IU/mg) at a dose of 0.08 IU/kg BW followed by 50 g of glucose (C6 H12 O6, D (+) -Glucose GPR Rectapur, VWR International Eurolab, 180.16 g/mol) dissolved in 1000 mL of water, orally administered through a nasogastric tube (to prevent the liquid from coming in contact with and stimulating receptors in the mouth and pharynx). The other group (n = 4) was given a standard treatment of 50 mL i.v. 50% sterile commercial glucose solution (glucose 50%, B. Braun, glucose 50%, glucose 500 mg/mL, equivalent to 550 mg/mL of anhydrous glucose, with an Energetic metabolism in fasting sheep: regularization of metabolic profile by treatment with oral glucose...
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Blood samples were taken from the jugular vein, always prior to the administration of each treatment tested and 15 min post-administration. To check the evolution of treatment after finishing the test, a sample was taken 12 h after the last application. In the first experimental cycle, animals were also sampled at 30 and 60 min, and after 2, 4, 8, and 12 h. This last sampling coincided with the next LVP administration, carried out 12 h after the first application (Table 1) . Urine samples were collected at the beginning of the protocol and before each therapeutic trial, following the transient apnoea method (Benech et al., 2015) .
Blood samples, except a fraction for assessment of non-esterified fatty acids (NEFA), which must be performed in whole blood, were centrifuged and the plasma frozen at − 20 °C until they were analysed in the Laboratorio de Técnicas Instrumentales (L.T.I.) of the University of León.
Non-esterified fatty acids were quantified in whole blood, while other biochemical variables measured in plasma were glucose, β-hydroxybutyrate (βOHB), aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), gamma glutamyltransferase (GGT), creatinine, and calcium. Most parameters were evaluated using a Cobas Integra 400 multi-analyte analyser (Roche Diagnostics, Mannheim, Germany), by means of Roche Diagnostic reagents (Roche Diagnostics GmbH, Germany), except βOHB and NEFA, which were measured using reagents from Randox Laboratories (Crumlin, Co., Antrim, UK). Urine samples were analyzed immediately by kit strips (Multistix 10 Visual, Bayer, USA), evaluating pH, glucose, urine density and ketone bodies.
Data were analysed using the statistical software SPSS 20.0 (IBM, Armonk, NY). We studied both the evolution of samples during the first 12 h and throughout the four days of the experiment. For this, we carried out a descriptive analysis and a repeated-measures ANOVA to analyse the effects of the treatments over time (intragroup effect), whereas a Student's t test was used for intra-group analysis (between treatments). Results are expressed as mean±SEM, and P-value was considered statistically significant when P˂0.05.
Results
Some ewes, and generally in the first application of LVP, showed slight adverse reactions such as vocalization, restlessness, tremors, and mild tachypnea. These symptoms were milder or even disappeared in subsequent administrations. Although all sheep showed ketonuria at the beginning of the trial, always measured through semiquantitative test strips, only two of them had higher semiquantitative values, which corresponded to those females with higher values of βOHB in blood. After the first treatment, no ketonuria was detected again in any ewe.
After the administration of i.v. LVP, followed by oral glucose, a significant increase in blood glucose was observed, which rose from initial values between 1.48 and 3.87 mmol/L to between 4.41 and 10.41 mmol/L at 15 min post-administration. If we consider the mean values, we can observe that the initial values of 2.86 mmol/L increased to 6.43 mmol/L after 15 min, the highest values being found 1 h after the tested therapy (7.64 mmol/L) (Table 2; Figure 1 ). Subsequently, blood glucose decreased continuously, reaching minimum values in the moments prior to the application of the following treatment (Table 2; Figure 1 ). Although with higher glycaemia in the whole experiment, the increase was no longer significant 4 h after treatment. A lower increase in blood glucose was also observed in those sheep with lower glycaemia at the beginning of the experiment. 
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Ewes administered i.v. glucosaline fluid presented initial blood glucose values between 2.44 and 2.98 mmol/L, rising rapidly to 17.60 and 22.29 mmol/L after 15 min post-administration, their mean values increasing from 2.71 to 20.76 mmol/L (Table 2; Figure 1 ). In the hours following, blood glucose fell steadily, which became apparent 30 min after treatment, was no longer significant after two hours, and reached values close to initial ones by the end of the experiment. Something similar occurred in successive applications, with a rapid and marked rise in blood glucose in all sheep after treatment.
We observed that 96 h after the start of the trial, blood glucose dropped to values close to the initial ones, though slightly higher (Table 3 ; Figure 2 ).
The statistical study of glycaemia indicates significant differences between the two treatments tested at 15 min, 30 min, and 1 h post-application (Table 2; Figure 1 ). When we study the evolution in the four days of the test, the statistical difference is shown at 15 min after all applications, but not in the last sampling, after 96 h (Table 3 ; Figure 2 ).
The initial amounts of βOHB in the treated group ranged between 0.51 and 1.1 mmol/L, with a mean value of 0.73 mmol/L (Table 2; Figure 3 ). After the first administration of oral glucose, the evolution of this ketone body was inverse to that presented by glycaemia, decreasing in all sheep and showing a mean value of 0.55±0.14 mmol/L 15 min post-administration. Although blood values of βOHB decreased after the first treatment, the minimum value was found between 30 min and 1 h post-administration, with a mean value of 0.36 and 0.40 mmol/L. There were statistical differences in all the samplings when Energetic metabolism in fasting sheep: regularization of metabolic profile by treatment with oral glucose... Martín-Alonso et al. 6 compared with the initial value (Table 2; Figure 3 ). Generally, values declined after each treatment, although with an irregular evolution. At 96 h, and except for one sheep, we observed blood βOHB values lower than the initial ones. We only detected significant differences between both therapies in values found 1 and 2 h post-therapy.
In the group that received a standard treatment based on commercial glucose solution, the mean value of βOHB pre-treatment was 0.75±0.12 mmol/L. Blood values decreased after treatment, with minimum values between 30 min and 1 h post-administration (0.25 and 0.24 mmol/L). Statistical differences appeared 30 min and remained throughout the experiment, always being lower than those found in the group treated with oral glucose (Table 2 ; Figure 3 ).
The evolution of βOHB in subsequent applications was similar in all sheep, decreasing after treatment, and being lower than the initial values at 72, 84, and 96 h (Table 3 ; Figure 4 ).
The performance of NEFA was similar to that described for blood βOHB, decreasing at the start of the treatment, showing the highest values at 8 and 12 h from the start of the trial (Table 2; Figure 5 ). The values were always higher in the group treated with i.v. glucose than in the oral glucose group (Table 3 ; Figure 6 ). The evaluated enzymes (AST, ALT, and GGT) as well as creatinine and blood urea were similar in all sampled sheep, with hardly any variations.
We only found a small decrease in blood calcium levels in both groups at 15 min post-administration, and although the serum calcium level was always higher in the sheep treated with oral glucose, we did not find statistical differences between the groups, with a tendency to equalise at the end of the experiment (Tables 2 and 3 ; Figures 7 and 8 ).
Discussion
Initial glycaemia levels found in ewes in the trial ranged between 1.49 and 3.87 mmol/L, while physiological values for sheep varied between 2.78 and 4.44 mmol/L Radostits et al., 2006; Kaneko et al., 2008) . This variation may have been due to the overfeeding and subsequent feed restriction that the animals were subjected to Mahmoud and Azab, 2014) . In addition, ketonemia and ketonuria were observed as a consequence of the increase in βOHB (Kaneko et al., 2008) and NEFA (Lacetera et al., 2001) .
The rapid increase in glycaemia in ewes administered LVP followed by oral glucose could be attributed to the closure of the gastric groove by the action of LVP, allowing the glucosaline solution to reach the abomasum directly and the intestine, where it was rapidly absorbed (Rehage, 1986; Scholz and Rehage, 1987; Mir and Malik, 2003; El-Hamamsy et al., 1990) , causing an increase in blood glucose at 30 min, which lasted up to 4 h, and returned to initial levels after 8 h (Mikhail et al., 1988) . El-Hamamsy et al. (1990) obtained increases in glycaemia from the first treatment with oral glucose after administering LVP, remaining at significant levels even after treatment had ended. In addition, Tsiamitas and Brikas (1981) , using copper sulphate in sheep, managed to stimulate the gastric groove, verifying that oral administration (100 mL) of a 20% glucosaline solution caused a significant increase in glycaemia.
All this coincides with our results, since after the application of intravenous vasopressin and the oral glucosaline solution, we verified an important increase in glycaemia in all ewes. Thus, in most cases, the highest values were obtained 1 h after treatment, also coinciding with the presence of glycosuria. Generally, the values remained high in the following 8 h, being similar to or slightly higher than the basal ones after 12 h, even when considering that the ewes continued fasting, with glucose as their only source of energy (El-Hamamsy et al., 1990) .
The treatment of ewes with i.v. glucose resulted in unstable blood glucose levels, with a sawtooth variation, causing rapid increases followed by significant decreases and reaching the maximum values between 15 and 30 min post-administration (with values up to 22.99 mmol/L) and the presence of glycosuria in all ewes, these results coinciding with those obtained by other authors (Fox, 1971; Scholz and Rehage, 1987; El-Hamamsy et al., 1990) . In addition, Fox (1971) established that approximately 80% of the dose is excreted in the urine after i.v. infusion of a glucosaline solution.
Regardless of the treatment administered, all ewes showed a marked increase in blood glucose, which was initially more marked after i.v. glucose infusion (Prasad and Kaul, 1981) , but also the decrease occurs more rapidly than in the ewes treated with oral glucose after medication with LVP. All this coincides with Rehage (1986) , in his study on the treatment of bovine ketosis.
Due to fluctuations in blood glucose, Russel (1985) recommended studying NEFA and β-hydroxybutyrate to determine the metabolic status of an animal and, therefore, a herd, as they are less affected by handling and sampling. Normally, blood ketone levels vary in the opposite direction to glycaemia. This increase in ketonemia is caused by fasting (with a reduction in oxaloacetate), which, together with increased secretion of glucagon and epinephrine, will stimulate lipolysis and glycogenesis and high lipomobilization. Hyperketonaemia is aggravated by the lower use of ketone bodies in peripheral tissues as it cannot be burned or eliminated (Radostits et al., 2006; Sargison, 2007) .
The main ketone body found in the blood of pregnant ewes is βOHB. Its concentration can be used for definitive diagnosis of the disease, as well as to detect animals at risk of developing pregnancy toxaemia. β-hydroxybutyrate concentration is measured in the blood of animals, with the threshold value used to identify animals at risk of developing the disease as 1.1 mmol/L (Russel, 1985; Sargison et al., 1994; Sargison, 2007; Braun et al., 2010; Brozos et al., 2011; Barbagianni et al., 2015) . Values between 0.86 to 1.6 mmol/L have been found in sheep and goats as having mild or subclinical pregnancy toxaemia (Ramin et al., 2005; Bani Ismail et al., 2008) , although most researchers consider 3.0 mmol/L of serum βOHB as the minimum value for diagnosing clinical OPT (Scott and Woodman, 1993; Sargison et al., 1994; Scott, 1995; Andrews, 1997; Rook, 2000; Harmeyer and Schlumbohm, 2006; Cal-Pereyra et al., 2012; Cal-Pereyra et al., 2015a) . Cal-Pereyra et al. (2015a) indicated that with blood glucose values of 1.59 mmol/L and/or βOHB in blood of 2.26 mmol/L, the corresponding therapeutic measures should be established, regardless of whether the disease is subclinical or not.
Some animals showed βOHB values between 0.37 and 1.15 mmol/L, higher than those considered physiological, as possibly being a consequence of the fasting period they had been subjected to. Egan et al. (1973) recorded an increase in βOHB values, which varied from 0.32 mmol/L in healthy sheep to 0.35 mmol/L in those subjected to a prolonged fast in the three weeks prior to calving trying to induce toxaemia, increasing to 2.68 mmol/L when the sheep developed the disease.
In our trial, ketone bodies only showed clearly elevated values in two ewes, both in blood and urine, and practically disappeared after the glucose therapy, which coincides with other previous studies (Scholz and Rehage, 1987; El-Hamamsy et al., 1990) .
We verified that administration of LVP and oral glucose causes βOHB to reach the lowest values 30 min post treatment, already being significant after 15 min. Besides, in the group treated with i.v. glucose, the lowest βOHB values were obtained between 30 min and 1 h after treatment, reaching values close to the initial ones between 4-8 h after treatment, and being even higher than the initial ones in some cases. With a similar therapy, based on i.v. glucose in the morning and oral glycerol in the afternoon, El-Hamamsy et al. (1990) found no decrease in blood levels of ketone bodies in diseased ewes.
Under conditions of insufficient energy supply, alimentary ketogenesis decreases and the rate of hepatic ketogenesis from NEFA increases disproportionately (Albay et al., 2014) . The liver now becomes the main and eventually almost the sole ketogenic organ. Such metabolic changes are associated with marked increases in the mobilization rate of the long-chain fatty acids of adipose tissues and a marked rise in circulating concentrations of NEFA and ketones. During hyperketonaemia, ketone bodies are readily oxidised, serving as fuel for energy production (Albay et al., 2014; Cal-Pereyra et al., 2015a) .
According to Rook (2000) , if the blood βOHB concentration reaches 0.7 mmol/L, ketonuria is evident. In all the sheep of the experiment, we checked the presence of ketonuria before treatment, which decreased in the first hour post-treatment. Given that, according to East (1983) , ketonuria can be detected before ketonemia, which is a significant circumstance to consider in the diagnosis of subclinical ketosis (Rook, 2000; Cal-Pereyra et al., 2015a) .
The transient apnoea method to collect urine and measure the ketone bodies using test strips is much simpler and less laborious than bladder catheterization, as it does not cause stress to the sheep and, besides, neither blood nor urine characteristics change (Benech et al., 2015) .
Enzymes (such as AST, ALT, and GGT) were maintained at all times at similar values to those indicated in references (Ortolani and Benesi, 1989; Kaneko et al., 2008) . Thus, we could observe a slight increase in sheep treated with oral glucose, while they remained constant in sheep treated intravenously. When checking the liver function, Scholz (1988) also found that the administration of LVP together with glucose solutions and with a gluco-precursor, such as sodium propionate, does not cause modification of AST, GGT, or GLDH during the experiment. We observed no changes in urea or blood creatinine as a result of the respective treatments.
Both treatments caused a slight decrease in calcaemia, with statistical significance, which could be attributed to the intake of calcium at the muscular level, perhaps due to the handling of the sheep to administer the therapy and even due to the effect of LVP on the smooth muscle fibre, which increased again 30 min post-treatment. In clinical ovine toxaemia, a decrease in calcaemia has been observed (Van Saun, 2000; Schlumbohm and Harmeyer, 2003; Sargison, 2007; Jyothi et al., 2014) , which can be attributed to anorexia and metabolic acidosis (Van Saun, 2000) or perhaps associated with poor hydroxylation of vitamin D in ewes with severe hepatic fatty damage (Sargison, 2007) . According to Schlumbohm and Harmeyer (2003) , the induction of hypocalcaemia produces a decrease in blood glucose; therefore, although hypocalcaemia does not promote in itself the onset of OPT, it does facilitate the development of this disease when present in combination with acetonaemia.
The mild adverse reactions found had already been pointed out by González-Montaña et al. (2014) in ewes treated with i.v. LVP and are justified by the effects of vasopressin on vascular and gastrointestinal smooth muscle and by alterations in the vagal and sympathetic tone (Flórez, 2003; Jackson, 2003; Plumb, 2010) . However, none of the references consulted indicates the presence of these effects, even when the LVP was administered to sheep affected with pregnancy toxaemia (El-Hamamsy et al., 1990) or in goats (Mikhail et al., 1988) , and even with higher doses from 0.1 to 0.5 IU/kg BW (Brugère and Combrisson, 1990; El-Hamamsy et al., 1990) .
Although in the experiment we opted for the use of a nasogastric catheter introduced in the initial stretch of oesophagus to avoid receptors located in the mouth and pharynx being stimulated by the tested solutions (Ørskov and Benzie, 1969; Ørskov, 1972; De Vuyst, 1975; Van Weeren-Keverling Buisman et al., 1990) , in clinical practice, the glucose solution could be administered by means of a bottle applied directly in the mouth of the sheep, and in our opinion, the results would be similar.
Unfortunately, in OPT, the relatively low economic value of ewes with individual character and the doubtful response to treatment must be considered in the experimental therapeutic protocols. So much so that according to Lima et al. (2016) , a good strategy to minimize economic losses caused by this disease is to focus on the survival rates of the offspring instead of the females. Therefore, the proposed therapeutic trial should be considered as an alternative to conventional intravenous glucose therapy, as a base experience to continue investigating this metabolic disorder and extrapolate the knowledge acquired to other field studies related to ovine pregnancy toxaemia.
